The CENP-F-like Proteins HCP-1 and HCP-2 Target CLASP to Kinetochores to Mediate Chromosome Segregation  by Cheeseman, Iain M. et al.
Current Biology, Vol. 15, 771–777, April 26, 2005, ©2005 Elsevier Ltd All rights reserved. DOI 10.1016/j.cub.2005.03.018
The CENP-F-like Proteins HCP-1 and HCP-2
Target CLASP to Kinetochores
to Mediate Chromosome Segregation
Iain M. Cheeseman,1,* Ian MacLeod,2
John R. Yates III,2 Karen Oegema,1
and Arshad Desai1,*
1Department of Cellular and Molecular Medicine
Ludwig Institute for Cancer Research
University of California, San Diego School of Medicine
La Jolla, California 92093
2Department of Cell Biology
The Scripps Research Institute
La Jolla, California 92037
Summary
During chromosome segregation, kinetochores form
dynamic connections with spindle microtubules. In
vertebrates, these attachments require the activities
of a number of outer kinetochore proteins, including
CENP-F [1, 2] and the widely conserved microtubule-
associated protein CLASP [3]. Here, we investigate
the functional relationship between HCP-1/2, two re-
dundant CENP-F-like proteins, and CLASPCLS-2 in
Caenorhabditis elegans. HCP-1/2 and CLASPCLS-2
localize transiently to mitotic C. elegans kinetochores
with nearly identical kinetic profiles, and biochem-
ical purifications demonstrate that they also asso-
ciate physically. In embryos depleted of HCP-1/2,
CLASPCLS-2 no longer localizes to chromosomes,
whereas CLASPCLS-2 depletion does not prevent HCP-
1/2 targeting. Consistent with the localization depen-
dency and biochemical association, depletion of
HCP-1/2 or CLASPCLS-2 resulted in virtually identical
defects in mitotic chromosome segregation charac-
terized by a failure of sister-chromatid biorientation.
This phenotype could be partially suppressed by dis-
rupting the astral forces that pull spindle poles apart
in the 1 cell embryo, indicating that CLASPCLS-2 is re-
quired for biorientation when chromosome-spindle
attachments are subjected to poleward force. Our re-
sults establish that the key role of HCP-1/2 is to target
CLASPCLS-2 to kinetochores, and they support the re-
cently proposed model that CLASP functions to pro-
mote the polymerization of kinetochore bound micro-
tubules [4].
Results and Discussion
HCP-1, HCP-2, and CLASPCLS-2 Localize Transiently
to Kinetochores during Mitosis
Previous studies have shown that the CENP-F-related
proteins HCP-1 and HCP-2 localize to C. elegans kinet-
ochores at time points surrounding metaphase [5–7]. To
directly compare the localization of HCP-1 and HCP-2
with that of CLASPCLS-2, we utilized affinity-purified
antibodies to perform immunofluorescence on 1-cell-
stage C. elegans embryos. CLASPCLS-2, HCP-1, and
HCP-2 (detected with a mixture of directly labeled anti-*Correspondence: icheeseman@ucsd.edu (I.M.C.); abdesai@ucsd.
edu (A.D.)HCP-1 and HCP-2 polyclonal antibodies—hereafter
referred to as “HCP-1/2”) are only prominent at kinet-
ochores during metaphase (see Figure S1A in the Sup-
plemental Data available with this article online). During
early prometaphase and shortly after sister-chromatid
separation, CLASPCLS-2 staining was not observed. How-
ever, in agreement with a previous report [5], we did ob-
serve weak HCP-1/2 staining associated with chromo-
somes during prophase/prometaphase, suggesting that
the chromosomal targeting of HCP-1/2 may precede that
of CLASPCLS-2. In addition to kinetochore localization,
HCP-1/2 and CLASPCLS-2 localized to the region occu-
pied by the mitotic spindle, and CLASPCLS-2 localized
faintly to centrosomes (Figure S1A).
To more precisely follow the kinetics of HCP-1 local-
ization, we generated a strain stably expressing a GFP-
HCP-1 fusion that behaved similarly to endogenous
HCP-1 (Figure S1B; Movie S1). After sister-chromatid
separation, GFP-HCP-1 persisted on chromosomes for
only 40–50 s. GFP-HCP-1 was detected on chromo-
somes for a total of w2 min, markedly shorter than the
>9 min for the kinetochore structural protein MIS-12
(Figure S1B; Movie S2). In total, these results demon-
strate that HCP-1/2 and CLASPCLS-2 exhibit a similar
localization pattern. Both proteins transiently concen-
trate at kinetochores during the time when microtubule
attachments are formed and chromosomes align at the
metaphase plate.
HCP-1, HCP-2, and CLASPCLS-2 Are Required
for Mitotic Chromosome Segregation
Previous studies have demonstrated that codepletion
of HCP-1 and HCP-2 results in abnormal chromosome
segregation [5, 7, 8]. To more precisely define the role
of HCP-1/2 and to compare their role with that of
CLASPCLS-2, we monitored chromosome segregation in
a strain stably expressing GFP-γ-tubulin to mark the
spindle poles and GFP-histone H2B to mark the chro-
mosomes. In wild-type embryos (Figure 1; Movie S3),
after pronuclear migration and nuclear envelope break-
down (NEBD), a bipolar spindle assembles, chromo-
somes align rapidly at the metaphase plate, and sister
chromatids segregate to opposite spindle poles during
anaphase. HCP-1 and HCP-2 codepletion (referred to
as hcp-1/2 (RNAi)) or depletion of CLASPCLS-2 resulted
in frequent oocyte meiotic defects (see Movies S4 and
S5; a detailed characterization of these defects will be
described elsewhere). However, pronuclear migration,
displacement of the pronuclei toward the embryo cen-
ter, rotation to align the spindle along the embryo long
axis, and initial growth of microtubules toward chro-
mosomes occurred normally in both HCP-1/2- and
CLASPCLS-2-depleted embryos (see Movies S4 and S5).
The fact that these distinct events are all sensitive to
disruption of the microtubule cytoskeleton with drugs
or depletion of global microtubule-dynamics regulators
such as the microtubule-associated protein (MAP)
XMAP215ZYG-9 [9] indicates that HCP-1/2 or CLASPCLS-2
depletion does not affect global microtubule-depen-
dent processes in the C. elegans embryo.
Current Biology
772Figure 1. HCP-1, HCP-2, and CLASPCLS-2
Are Required for Mitotic Chromosome Seg-
regation
(A) Depletion of HCP-1/2 or CLASPCLS-2 re-
sults in a similar phenotype. Still images
from time-lapse sequences of wild-type,
CLASPCLS-2-depleted, and HCP-1/2-depleted
embryos expressing GFP-histone H2B and
GFP-γ-tubulin are shown. Times indicated
are relative to NEBD.
(B) Sister chromatids cosegregate to the
same spindle pole in hcp-1/2 (RNAi) and
cls-2 (RNAi) embryos. Still images from time-
lapse sequences of wild-type, CLASPCLS-2-
depleted, or HCP-1/2-depleted embryos
expressing the kinetochore marker GFP-
MIS-12 are shown. Time points were se-
lected to be approximately equivalent to the
images in (A). Boxed regions from the 200 s
panels are magnified on the bottom to show
cosegregation of sister chromatids (indicated
by arrow heads). The scale bars represent
10 m.Strikingly, in HCP-1/2- or CLASPCLS-2-depleted em- r
abryos, nearly identical mitotic defects were observed
(Figure 1A; Movies S4 and S5). After NEBD, the chro- m
cmosomes initially transited rapidly between the spindle
poles. Then, prior to the initiation of chromosome seg- aegation, the spindle poles, along with closely associ-
ted chromosome masses, began to move apart pre-
aturely (Figure 1A; 120 and 200 s time points). This
orrelates with the time at which cortical forces pull on
stral microtubules to position the spindle within the
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773Figure 2. HCP-1 and HCP-2 Target CLASPCLS-2 to Kinetochores
(A) Wild-type, hcp-1/2(RNAi), and cls-2(RNAi) embryos were fixed and stained for DNA (red), microtubules (green), HCP-1/2, and CLASPCLS-2.
(B) HCP-1/2 and CLASPCLS-2 localize to kinetochores in NDC-80-depleted embryos. The scale bars represent 10 m.
(C) Western blots of C. elegans embryo extracts separated on an 8% polyacrylamide gel and probed with antibodies to HCP-1 and HCP-2.
Each antibody recognizes a single major species of the appropriate molecular weight, but not a band corresponding to the reciprocal protein.
(D) HCP-1, HCP-2, and CLASPCLS-2 interact in worm protein extracts. (Left) Immunoprecipitations were performed from both N2 and GG48
(emb-27(g48ts)) adult worm extracts as described in [11]. The elutions were separated on a 12.5% polyacrylamide gel and visualized by silver
staining. (Right) Mass spectrometric analysis of the purifications; the analysis indicates the percent sequence coverage obtained for the
indicated proteins. Many additional polypeptides were identified, but these represent the only proteins present in all HCP-1/2, but not control,
immunoprecipitates.
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774Figure 3. Inhibition of Astral Forces Pulling on Spindle Poles Prevents Their Premature Separation and Suppresses the Chromosome Biorienta-
tion Defect in CLASPCLS-2-Depleted Embryos
(A) Still images from time-lapse sequences of GPR-1/2-depleted or CLASPCLS-2/GPR-1/2-depleted embryos expressing GFP-histone H2B
and GFP-γ-tubulin. Times indicated are relative to NEBD. Chromosome masses separate during anaphase in CLASP/GPR-1/2-depleted
embryos, suggesting that significant biorientation occurs when the premature separation of spindle poles is prevented by inhibiting astral
pulling forces. Also, see Movies S8, S9, and S12–S15.
(B) Still images from time-lapse sequences of GPR-1/2-depleted or CLASPCLS-2/GPR-1/2-depleted embryos expressing the kinetochore
marker GFP-MIS-12 confirm significant suppression of the biorientation defect. The scale bars represent 10 m.
(C) Kymograph analysis of wild-type, HCP-1/2-depleted, and CLASPCLS-2-depleted embryos. Kymographs were generated from time-lapse
sequences of embryos expressing GFP-histone H2B and GFP-γ-tubulin as described [11]. The kymographs were initiated at NEBD, and the
time interval between consecutive images was 10 s. In the kymographs, separation of both spindle poles (arrows) and the chromosomes
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775to asymmetrically position the spindle prior to ana-embryos, suggesting that CLASP protein is pre-
(arrowheads) is visible. The rapid and premature increase in pole-to-pole distance in HCP-1/2- and CLASPCLS-2-depleted embryos is evident.
In addition, chromosomes remain in close apposition to the spindle poles in depleted embryos.
(D) Kymograph, as in (C), showing gpr-1/2 (RNAi) and gpr-1/2+cls-2 (RNAi) embryos. The rapid premature spindle-pole separation seen in (C)
does not occur in GPR-1/2-depleted embryos. In addition, chromosome separation is clearly visible in CLASPCLS-2/GPR-1/2-depleted em-
bryos. All CLASPCLS-2/GPR-1/2-depleted embryos also exhibit inward movement of spindle poles prior to separation of chromosome
masses (arrow).
(E) The kinetics of spindle-pole separation are plotted for wild-type (n = 15) and CLASPCLS-2-depleted (n = 13) embryos. Wild-type sequences
were time aligned with respect to NEBD (0 s). cls-2 (RNAi) sequences were aligned with respect to the initial rapid spindle elongation and
then plotted as the average time this occurred after NEBD. Error bars represent the standard error of the mean (SEM), with a confidence
interval of 0.95.
(F) Quantitation of spindle-pole separation in GPR-1/2-depleted (n = 8) and CLASPCLS-2/GPR-1/2-depleted (n = 8) embryos. Sequences were
aligned with the onset of chromosome separation as time 0. The consistent inward movement of spindle poles prior to chromosome separa-
tion in CLASP/GPR-1/2-depleted embryos is evident in the averaged trace. The scale bars represent 10 m.embryo [10]. A similar phenotype for HCP-1/2 depletion
has been previously observed [7, 8]. In rare instances,
chromosomes moved from one spindle pole to the
other after spindle elongation was far advanced (see
kymographs below; Movie S4). Both oocyte- and
sperm-derived chromosomes exhibited similar defects.
Because sperm complete meiosis prior to injection of
inhibitory dsRNAs, these defects cannot be a conse-
quence of prior meiotic problems but instead reflect a
mitotic requirement for HCP-1/2 and CLASPCLS-2. Im-
portantly, codepletion of HCP-1/2 and CLASPCLS-2 did
not result in a more severe mitotic defect (not shown),
suggesting that these widely conserved proteins func-
tion in the same pathway to facilitate mitotic chromo-
some segregation.
HCP-1/2 and CLASPCLS-2 Are Required for Sister-
Chromatid Biorientation
The phenotypic analysis above suggested that in em-
bryos depleted of HCP-1/2 or CLASPCLS-2, mitotic
chromosomes fail to biorient. To test this hypothesis,
we directly monitored the behavior of sister chromatids
in living embryos with a GFP fusion with the kinet-
ochore marker MIS-12. In wild-type embryos, sister
chromatids aligned at the metaphase plate and then
separated during anaphase, during which they moved
to opposite poles (Figure 1B; Movie S2). In contrast, in
all hcp-1/2 (RNAi) or cls-2 (RNAi) embryos examined
(n = 11 and 8, respectively), sister chromatids remained
paired and moved together toward one side of the
embryo as the poles prematurely separated (Figure 1B,
arrowheads; Movies S6 and S7). A similar defect was
also seen in fixed images (Figure 2A; [7]). Therefore,
depletion of HCP-1/2 or CLASPCLS-2 caused a chromo-
some biorientation failure with the result that sister
chromatids cosegregated to the same spindle pole.
HCP-1 and HCP-2 Are Required
for CLASPCLS-2 Localization
We next examined the relationship between HCP-1/2
and CLASPCLS-2 for kinetochore localization. Both en-
dogenous HCP-1/2 (n = 10; Figure 2A) and GFP-HCP-1
(not shown) localized to kinetochores normally in
CLASPCLS-2-depleted embryos. In contrast, CLASPCLS-2
failed to localize to kinetochores in embryos depleted
of HCP-1/2 (n = 8; Figure 2A). However, CLASPCLS-2
was visible at wild-type levels at spindle poles in these
CLS-2sent. These results indicate that HCP-1/2 function to
target CLASPCLS-2.
Previous studies have demonstrated that the kinet-
ochore localization of both HCP-1/2 and CLASPCLS-2
requires KNL-1, a primary determinant of outer kinet-
ochore structure [6]. To further examine the position of
HCP-1/2 and CLASPCLS-2 in the kinetochore assembly
hierarchy, we conducted pairwise localization-depen-
dency experiments. We found that HCP-1/2 and
CLASPCLS-2 localized to kinetochores in embryos de-
pleted of the outer-kinetochore protein NDC-80 (Figure
2B). In reciprocal experiments, we found that KNL-1,
MIS-12, and the NDC-80-associated protein Spc25KBP-3
localized normally in embryos depleted of HCP-1/2
(data not shown). In light of prior analysis of kinet-
ochore assembly in C. elegans [6, 11], these results
suggest that HCP-1/2 do not play a general role in ki-
netochore structure but instead are specifically re-
quired to target CLASPCLS-2 to kinetochores.
CLASPCLS-2 Copurifies with HCP-1 and HCP-2
from C. elegans Extracts
The similar phenotypes and kinetochore localization
dependency determined above suggested that HCP-1/2
and CLASPCLS-2 may physically interact. To test this
possibility, we performed immunoprecipitations (IPs) on
adult C. elegans extracts and analyzed the entire elu-
tion via mass spectrometry, as described [11]. Western
blotting of embryo extracts with antibodies against
HCP-1 or HCP-2 recognized only the target protein,
suggesting no crossreactivity (Figure 2C). However, IPs
with either antibody isolated both HCP-1 and HCP-2
(Figure 2D), suggesting that these functionally redun-
dant proteins are found together in a complex. Because
multiple proteins were present in the HCP-1 and HCP-2
IPs, we compared two different HCP-1 IPs and one
HCP-2 IP with nonspecific control samples. The only
other protein present in all HCP immunoprecipitates,
but not controls, was CLASPCLS-2. No other known ki-
netochore proteins were present in any of the samples
tested. On the basis of these results and the functional
analysis described above, we propose that HCP-1/2
and CLASPCLS-2 interact directly and that a key mitotic
function of HCP-1/2 is to target CLASPCLS-2 to kinet-
ochores.
CLASPCLS-2 Biorientation Defect Requires
Astral Pulling Forces
Strong astral forces in the 1 cell C. elegans embryo act
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776phase [10, 12, 13]. In HCP-1/2- and CLASPCLS-2- c
ddepleted embryos, these cortical pulling forces sepa-
rate the spindle poles before the chromosomes are able t
to biorient. To determine whether inhibiting astral pull-
ing forces could rescue the defect in CLASPCLS-2- a
tdepleted embryos, we codepleted the GPR-1 and
GPR-2 proteins that are required to generate these o
eforces [14–16]. gpr-1 and gpr-2 are 98% identical, and
a single dsRNA can be used to simultaneously deplete d
tboth proteins. Because the HCP-1/2 depletion pheno-
type appears to result from an inability to properly lo- f
tcalize CLASPCLS-2, we restricted our analysis to
CLASPCLS-2. c
jEmbryos depleted of GPR-1/2 contain symmetrically
positioned spindles (Movies S8 and S10), but chromo- b
psomes still align and segregate with normal timing (Fig-
ures 3D and 3F). Strikingly, when GPR-1/2 and 2
CLASPCLS-2 were simultaneously depleted, the spindle
poles no longer separated prematurely, and sister chro- R
matids appeared to segregate to opposite spindle O
poles, suggesting that chromosomes were bioriented t
(Figures 3A and 3B; Movies S9 and S11). However, a F
tight metaphase plate failed to form, and lagging chro- t
matin was observed between the separated chromatid c
masses during anaphase. To assess more carefully p
whether chromosomes were bioriented, we performed n
single-section spinning-disk confocal imaging at higher 1
time resolution in embryos coexpressing GFP-β-tubulin k
and GFP-histone (Movies S12–S15). This analysis con- C
firmed that sister chromatids separate to opposite f
spindle poles in CLASPCLS-2/GPR-1/2 doubly depleted a
embryos and also revealed the presence of significant d
prometaphase chromosome oscillations in CLASPCLS-2- [
depleted embryos. These results suggest that if the s
proximity of sister chromatids to microtubules emanat- e
ing from both asters is maintained by preventing the i
premature separation of the spindle poles, chromo- s
somes are eventually able to biorient in CLASPCLS-2- l
depleted embryos. However, the aberrant segregation
in the CLASP/GPR-1/2-depleted embryos indicates m
that even under these permissive conditions, the func- u
tion of the kinetochore-microtubule interface remains p
compromised. m
i
tHCP-1/2- and CLASPCLS-2-Depleted Embryos Show
Rapid Pole Separation and Reduced i
oChromosome-Pole Distances
To quantitatively examine chromosome-to-pole dis- s
ptances, as well as pole separation and chromosome dy-
namics, in HCP-1/2- and CLASPCLS-2-depleted em- n
ibryos, we generated kymographs of the GFP-histone
H2B/GFP-γ-tubulin time-lapse sequences (Figure 3C). r
In wild-type embryos, the spindle poles initially sepa-
rated slowly as they began to experience cortical pull- e
eing forces. This rate increased slightly after separation
of the sister chromatids. In contrast, in HCP-1/2- or p
aCLASPCLS-2-depleted embryos, the spindle poles
separated rapidly at a rate of w9 m/min (Figure 3C). e
kIn wild-type embryos, the distance between the chro-
mosomes and the spindle poles gradually increases to m
kw6.5 m during prometaphase as they align at
the metaphase plate (Figure S2). In HCP-1/2- and m
oCLASPCLS-2-depleted embryos, the chromosomes os-illate dramatically but are closely apposed to the spin-
le poles, with an average chromosome-to-pole dis-
ance of w3 m (Figure S2).
In GPR-1/2-depleted embryos, the spindle poles sep-
rate at a constant but slower rate than in the wild-
ype, and no acceleration is observed after anaphase
nset (Figure 3D). In CLASPCLS-2/GPR-1/2-depleted
mbryos, the rapid separation seen in embryos singly
epleted of CLASPCLS-2 was not observed, confirming
hat this results from GPR-1/2-dependent astral pulling
orces. Early in prometaphase, the spindle poles in
hese embryos maintained a fixed separation while the
hromosomes oscillated between them. Surprisingly,
ust prior to separation of chromosome masses, when
iorientation occurred, the poles were reproducibly
ulled in w2 m toward the chromosomes at a rate of
.5 m/min (Figures 3D and 3F).
ole of CLASP in Chromosome Segregation
ur results lead us to propose that targeting of CLASP
o kinetochores is a major conserved function of CENP-
-like proteins during cell division. Recent analysis of
he mitotic function of CLASP in Drosophila and human
ells suggests that this MAP is required specifically for
olymerization of kinetochore bound microtubules but
ot for kinetochore-microtubule interactions [3, 4, 17,
8]. Our data are consistent with such a model. If
inetochore-microtubule attachments are prevented in
. elegans embryos by depletion of proteins required
or kinetochore assembly, chromosomes fail to associ-
te with spindle poles, resulting in distinct segregation
efects from those of CLASPCLS-2-depleted embryos
6, 10, 11]. The stable association of chromosomes with
pindle poles in CLASPCLS-2-depleted embryos and the
ventual biorientation and sister-chromatid segregation
n CLASPCLS-2/GPR-1/2-depleted embryos shown here
uggest that kinetochores depleted of CLASPCLS-2 are
argely competent to form microtubule attachments.
Depletion of CLASPCLS-2 results in increased pro-
etaphase chromosome oscillations followed by a fail-
re in sister-chromatid biorientation (Figure 2). We pro-
ose that these oscillations result from the release of
icrotubules on the trailing kinetochore because of an
nability of these microtubules to undergo polymeriza-
ion. Repeated search and capture events would result
n a reversal in chromosome movement, without bi-
rientation. When astral forces begin to pull on the
pindle poles, this lack of biorientation would result in
remature pole separation. This, in turn, would make
ew capture events from the opposite spindle pole
ncreasingly rare, causing sister chromatids to coseg-
egate with a single spindle pole.
If pole separation is prevented in CLASP-depleted
mbryos by inhibition of astral pulling forces, the
ventual biorientation is always followed by inward
ole movement (Figure 3). Given the absence of pole-
ssociated minus-end depolymerization in C. elegans
mbryos [13], this observation is also consistent with
inetochore-attached microtubules failing to poly-
erize in the absence of CLASPCLS-2. The ability of
inetochores to remain attached to depolymerizing
icrotubules and the physical connection between bi-
riented sister chromatids would account for the ob-
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777served inward pole movement. Thus, a defect in poly-
merization at kinetochores can account for all of the
CLASPCLS-2 depletion phenotypes described here.
Microtubule polymerization dynamics at kinetochores
are thought to be controlled by tension generated by
forces originating from the spindle and from sister ki-
netochores [19]. Maiato et al. [4] recently showed that
in Drosophila S2 cells lacking CLASP, kinetochore fi-
bers cannot switch to polymerization in response to
tension generated by the poleward flux of spindle
microtubules. Because C. elegans spindles are re-
ported to lack flux [13], our data can be reconciled with
Maiato et al. by proposing that CLASP is required for
polymerization at kinetochores under the action of any
force, independent of its origin. In the C. elegans
embryo, this force is provided by GPR-1/2-dependent
astral pulling and by physical coupling of sister kinet-
ochores instead of poleward flux.
In wild-type embryos, the tension imposed by astral
pulling forces is predicted to lock sister kinetochores
into a CLASP-dependent polymerization state. Conse-
quently, in the absence of flux-associated minus-end
depolymerization near spindle poles, chromosome-
pole distance and overall spindle length should in-
crease after chromosome biorientation, which is ex-
actly what is observed during prometaphase ([10]; see
Figure 3E, t = 150–230 s; see Figure S2, t = −100–0 s).
Thus, analysis of CLASP function in a system lacking
flux suggests an underlying conservation of the mecha-
nism by which this kinetochore-localized MAP contrib-
utes to chromosome segregation.
Supplemental Data
Detailed Experimental Procedures and several supplemental mov-
ies, figures, and tables are available at http://www.current-biology.
com/cgi/content/full/15/8/771/DC1/.
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